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SUMMARY 

Changes in mass and electrical resistivity of several types of pitch- 
based and vapor-grown graphite fibers were monitored during reaction with bro- 
mine. The observed threshold pressure dependent reaction suggested that the 
fibers were intercalated. In the fully brominated compound, the mass was 
increased by 44 percent and the resistivity was improved by a factor of 17. 
In the residue compound, the mass was increased by 22 percent and the resis- 
tivity was improved by a factor o f  5. Fibers possessing different degrees of 
graphitization had surprisingly similar changes in both mass and resistivity. 

INTRODUCTION 

Pitch-based graphite fibers have received considerable attention recently 
because of their suitability as a host for graphite intercalation compounds. 
Intercalation, the insertion of guest atoms or molecules between the graphene 
planes, yields graphite fibers with improved electrical conductivity. These 
Improved fibers are being considered for a number of aerospace applications, 
such as lightning strike resistant aircraft surfaces, electromagnetic Inter- 
ference shielding, and de-icing. 

Amoco (formerly Union Carbide) pitch-based P-100 fibers treated with bro- 
mine are exceptionally noteworthy due to their remarkable electrical perform- 
ance and environmental stability (ref. 1). For example, these brominated 
fibers have an electrical resistivity comparable to stainless steel and exhibit 
thermal stability up to 200 OC, while maintaining the desirable properties of 
low density and high thermal conductivity. Other brominated pitch-based fibers 
also show considerable promise i n  terms of improved electrical properties and 
environmental stability (ref. 2). 

This paper focuses on the incremental changes i n  electrical resistivity 
as a function of bromine mass uptake for several fiber types, including P-55, 
P-75, P-100, P-120, and vapor-grown fibers. In the "P'l series of pltch-based 
fibers, the tensile modulus increases with designation number, and the degree 
of graphitization increases with increasing modulus. 
represented the highest level of graphitization owing to their annealing at 
3000 "C. The bromine mass uptake of highly oriented pyrolytic graphite (HOPG) 
was also measured as well. Monitoring the change In both mass and resistivity 
should yield valuable information on threshold pressure dependence and bromi- 
nated fiber composition for all of the fiber types tested. 

The vapor-grown fibers 



MATERIALS AND METHODS 

To moni tor  the changes i n  mass, an e l e c t r o n i c  microbalance (Perkin-Elmer 
model TGS-2) was modi f ied such t h a t  the  mass o f  a small bundle o f  f i b e r s  (46 
t o  1161 pg) could be measured w h i l e  i n  contact  w i t h  bromine vapor. The p l a t i -  
num hangdown w i r e  assembly was extended so t h a t  severa l  chambers cou ld  be added 
t o  p r o t e c t  t he  e lec t ron ics  f rom the  bromine vapor (see f i g .  1 ) .  A condenser, 
kep t  a t  -20 "C,  was placed j u s t  above the  bromine r e a c t i o n  chamber t o  remove 
most o f  t he  bromine vapor. A heated copper tube, kept  a t  120 O C ,  was placed 
above the  condenser t o  scavenge any res idua l  bromine vapor. As a f i n a l  pre- 
caut ion,  t he  vent f o r  t he  n i t rogen  purge gas was placed above the  heated 
copper tube. 

Bromine was added t o  the  reac t i on  chamber by heat ing  a small bromine 
rese rvo i r .  The rese rvo i r  was at tached t o  the  r e a c t i o n  chamber through a stop- 
cock, so t h a t  the source o f  bromine vapor could be turned on du r ing  t h e  bromi- 
na t i on  s tep and o f f  dur ing  the  purge step. 
would c o n t i n u a l l y  add bromine vapor t o  the  r e a c t i o n  chamber (and the  condenser 
would c o n t i n u a l l y  remove i t ) .  
mine vapor was necessary because an unobstructed pa th  f o r  t he  hangdown w i r e  t o  
the  microbalance was needed. However, i t  was d i f f i c u l t  t o  p r e c i s e l y  c o n t r o l  
the  bromine vapor pressure w i t h  t h i s  approach. Since the  temperature o f  t h e  
reac t i on  chamber d i d  n o t  exceed room temperature, t he  vapor pressure o f  t h e  
bromine i n  the  chamber could no t  have exceeded 165 t o r r .  A f t e r  brominat ion 
was judged t o  be complete, the  bromine vapor was purged from the  r e a c t i o n  
chamber w i th  a modest f l o w  o f  n i t rogen.  

The r e f l u x i n g  a c t l o n  o f  t he  bromine 

This dynamic approach f o r  the  a d d l t i o n  o f  bro- 

The e l e c t r i c a l  r e s i s t i v i t y  o f  a s l n g l e  f i b e r  was simultaneously monitored 
us ing a f o u r  po in t  res is tance probe located i n  a sidearm adjacent t o  the  sample 
pan. Carbon pa in t  was used t o  mount t h e  f i b e r  across the  fou r  p la t inum leads. 
A Ke l th ley  model 220 constant cu r ren t  source supp l ied  100 PA t o  the  ou ter  t w o  
leads w h i l e  a Ke i th ley  model 181 nanovoltmeter measured the  vo l tage drop across 
the  Inner  two leads. Both the  f o u r  p o i n t  probe and the  microbalance were 
i n t e r f a c e d  w i t h  an I B M  microcomputer f o r  data c o l l e c t i o n  and storage. 

RESULTS AND DISCUSSION 

The idea o f  mon i to r ing  the  change i n  mass o f  a g raph i te  sample upon i n t e r -  
c a l a t l o n  i s  n o t  new. Forsman e t  a l . ,  f o r  example, used the  l eng th  o f  a quar tz  
sp r ing  as a v isua l  i n d i c a t o r  o f  t he  mass change du r ing  a n i t r i c  a c i d  i n t e r c a l a -  
t i o n  ( r e f .  3 ) .  This technique, however, i s  inadequate f o r  s tudy ing  microgram 
q u a n t i t i e s  o f  f i b e r s  because the  change i n  mass would be t o o  smal l  t o  de tec t .  
Furthermore, moni tor ing a change i n  length  v i s u a l l y  i s  no t  conducive t o  com- 
pu ter ized  data c o l l e c t i o n .  The e l e c t r o n i c  microbalance mod i f ied  f o r  t h i s  study 
was capable of de tec t ing  a mass change on the  order  o f  a few micrograms and 
was e a s i l y  In te r faced w i t h  a computer. However, w i t h  the  enhanced s e n s i t i v i t y  
of t h i s  approach, adsorp t ion  presented a problem. 
f i b e r s  a lone was a c t u a l l y  obscured by adsorp t ion  of bromine on t h e  p l a t f o r m  
hangdown w i r e  and pan. Through c a r e f u l  ana lys l s  o f  t he  data,  mass uptake and 
e l e c t r i c a l  resistivity of  the  " f u l l y  brominated" f i b e r s  and the  " res idue com- 
pound'' were obta i  ned. 

The bromine uptake o f  t h e  
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Figure  2 shows both the  change i n  mass and e l e c t r i c a l  res is tance f o r  a 
t y p i c a l  sample o f  P-100 f i b e r s  placed i n  t h e  bromine environment. Several 
fea tures  o f  t h i s  diagram a re  worth not ing.  When the  bromine f i r s t  entered the  
r e a c t i o n  chamber, a mass increase o f  approximately 35 pg was observed; however, 
no change i n  e l e c t r i c a l  res is tance was observed ( reg ion  A ) .  This mass increase 
was independent o f  sample s i z e  and was observed i n  the  absence o f  f i b e r s .  I t  
was a t t r i b u t e d  t o  the  i n i t i a l  adsorpt ion o f  bromine on the  p la t inum hangdown 
w i r e  and pan. (There i s  no th resho ld  pressure requirement f o r  adsorpt ion. )  

As t he  vapor pressure o f  bromine was increased, the  th resho ld  pressure 
f o r  t he  i n t e r c a l a t i o n  reac t i on  was exceeded ( r e f s .  4 and 5 ) ,  and both the  mass 
and r e s i s t i v i t y  began t o  change, s igna l i ng  the  onset o f  i n t e r c a l a t i o n  ( r e g i o n  
8 ) .  With the  f o u r  p o i n t  probe pos i t ioned i n  a side-arm o f  t he  r e a c t i o n  cham- 
ber,  a s l i g h t  l a g  between the  change i n  mass and the  change i n  r e s i s t i v i t y  was 
observed. The one f a c t o r  which l i m i t e d  t h e  usefulness o f  the  data c o l l e c t e d  
i n  t h i s  reg ion  was the  a d d i t i o n a l  adsorpt ion o f  bromine on the  hangdown wi re .  
There was no way t o  c l e a r l y  d i s t i n g u i s h  f i b e r  mass uptake from m u l t i l a y e r  
adsorp t ion  on the  p la t inum. 
t e d  t o  bromine f reez ing  out  on the  hangdown w i r e  i n  the  v i c i n i t y  o f  t h e  co ld-  
t rap .  It was no t  poss ib le  t o  subt rac t  out  an empty re ference pan f o r  t h i s  
reg ion  because the  shape o f  the  curve was dependent on t ime and bromine vapor 
pressure. 

Much o f  the m u l t i l a y e r  adsorp t ion  may be a t t r i b u -  

A f t e r  t h e  f i b e r  on the  f o u r  p o i n t  probe reached i t s  e q u i l i b r i u m  res is tance 
value, t he  bromine source was shut o f f  and the  bromine i n  the  r e a c t i o n  chamber 
was s lowly  vented. A s  shown i n  f i g u r e  2 ( reg ion  C), the  mass o f  t he  sample 
pan ab rup t l y  decreased. No corresponding change i n  r e s i s t i v i t y  confirmed t h a t  
t h i s  mass change was independent o f  the f i b e r s .  A s i m i l a r  decrease i n  mass 
was a l s o  seen i n  the  absence o f  f i b e r s .  The abrupt  decrease i n  mass was 
a t t r i b u t e d  t o  t h e  loss  o f  t he  m u l t i l a y e r  adsorbed bromine. Then the  mass lev -  
e led  out t o  a value represent ing the  " f u l l y  brominated" f i b e r  compound ( reg ion  
0 ) .  This mass value o f  approximately 44 percent  corresponded t o  a r e s l s t i v i t y  
value o f  18 pn-cm and a stochiometry o f  C306r2. 

As t h e  l a s t  t races o f  bromine were purged from the  reac t i on  vessel ,  
another decrease i n  mass was observed ( reg ion  E ) .  This mass l o s s  had a cor-  
responding increase i n  f i b e r  res is tance and was c l e a r l y  dependent on t h e  
f i b e r s .  This s tep corresponded t o  the  l oss  o f  bromine f r o m  the  s k i n  o f  the  
f i b e r s  ( r e f s .  4 and 6) (as w e l l  as the  l o s s  o f  the  monolayer o f  adsorbed bro- 
mine).  The mass and e l e c t r i c a l  r e s i s t i v i t y  values a t  the  f i n a l  p la teau 
( reg ion  F)  represented the  " res idue"  compound. The mass value o f  approx i -  
mately 22 percent  corresponded t o  a r e s i s t i v i t y  value o f  50 pR-cm. The mass 
va lue o f  22 percent  repor ted here i s  s l i g h t l y  l a r g e r  than the  18 percent  
repor ted  by Hung ( r e f .  7 ) ,  and the  discrepancy can be explained by t h e  asymp- 
t o t i c  loss  o f  bromine which occurs over t h e  f i r s t  few hours i n  a i r  ( r e f .  8) .  

I 

The changes i n  mass and e l e c t r i c a l  r e s i s t i v i t y  obtained w i t h  the  P-75 and 
P-120 f i b e r s  were s i m i l a r  t o  the  changes shown i n  f i g u r e  2. The changes i n  
mass f o r  t he  HOPG and vapor-grown samples were a l s o  s i m i l a r  t o  P-100, except 
t h a t  they had an a d d i t i o n a l  mass plateau between the  f u l l y  brominated and r e s -  
i due  p la teaus,  perhaps suggesting a stage t r a n s i t i o n .  No e l e c t r i c a l  r e s i s t i v -  
i t y  data were c o l l e c t e d  w i t h  the  HOPG sample because the  geometry o f  HOPG was 
inapprop r ia te  f o r  t he  f o u r  p o i n t  probe. The P-55 f i b e r s  showed no subs tan t i a l  
increase i n  e i t h e r  mass o r  conduct iv i t y .  
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F igure  3 sumnarizes the  mass uptake data obtained f rom a l l  t he  f i b e r  hosts 
(except P-55) and HOPG, as a func t i on  o f  i n i t i a l  mass, f o r  bo th  t h e  f u l l y  bro-  
mlnated compounds and the  res idue compounds. P-75, P-100, and P-120 f i b e r s  
have mass uptake values which are  co l i nea r .  
y i e l d  the  average mass increase f o r  each type of compound: 44  percent  f o r  t he  
f u l l y  brominated compound and 22 percent f o r  t he  res idue compound. 
f rom the  HOPG sample a l s o  appear t o  be co l i nea r  i n  mass uptake, however the  
r e s u l t s  f rom t h e  vapor-grown f i b e r s  a re  s l i g h t l y  anomalous. 

The slopes of these two l i n e s  

The r e s u l t s  

I s m a i l  ( r e f .  9 )  has examined the  pore volume and sur face area o f  P-55 
f i b e r s  and P-55 f i b e r s  g raph i t i zed  t o  2700 "C.  
urements and t h e  dens i ty  o f  bromine, one can est imate the  t o t a l  mass o f  bromine 
t h a t  could occupy the  pores o f  these pi tch-based f i b e r s .  
occupied t h e  pores, then the  weight percent  o f  bromine i n  the  P-55 f i b e r s  and 
g raph i t i zed  P-55 f i b e r s  would be 0.7 and 0.6 percent,  respec t i ve l y .  The con- 
t r i b u t i o n  f rom the sur face area i s  an order o f  magnitude less .  The 44 percent 
mass increase observed i n  t h i s  work f o r  t he  P-75, P-100, and P-120 pi tch-based 
f i b e r s  i s  f a r  too l a r g e  t o  be a t t r i b u t e d  t o  the  adsorp t ion  o f  bromine i n t o  the  
pores o f  t he  f i b e r s  alone. Some o ther  mechanism, such as i n t e r c a l a t i o n ,  must 
be responsib le .  

Based on the  pore volume meas- 

I f  bromine s o l e l y  

The t h r e e  pitch-based f i b e r  types a l so  e x h i b i t  s i m i l a r  decreases i n  
r e s i s t i v i t y ,  as summarized by the  res is tance r a t i o  ( res is tance,  R / i n i t i a l  
res is tance,  R o )  data i n  t a b l e  I: seventeen-fold f o r  t he  f u l l y  brominated 
compound and f i v e - f o l d  f o r  the res idue compound. 
upon brominat ion i s  remarkably s l m i l a r  i n  these f i b e r s  even though they have 
d i f f e r e n t  degrees o f  g r a p h i t i z a t i o n .  Re l i ab le  res i s tance  r a t i o  data f o r  the 
vapor-grown f i b e r s  were d i f f i c u l t  t o  ob ta in  owing t o  t he  s l o w  reac t i on  k i n e t -  
i c s  imposed by t h e i r  morphology ( r e f .  8) .  

The change i n  r e s i s t i v i t y  

That t he  P-75, P-100, and P-120 pi tch-based f i b e r s  had a s i m i l a r  bromine 
uptake and a s i m i l a r  change i n  r e s i s t i v i t y  leads one t o  b e l i e v e  t h a t  a s i m i l a r  
number o f  charge c a r r i e r s  was added t o  each. This  i s  q u i t e  s u r p r i s i n g  consid- 
e r i n g  the  d i f f e r e n t  degrees o f  g r a p h i t i z a t i o n  represented by the  "PI' se r ies .  
Even more su rp r i s ing  i s  t he  s i m i l a r i t y  i n  mass uptake observed between these 
pi tch-based f i b e r s  and HOPG. Because the  f i b e r s  had d i f f e r e n t  absolute r e s i s -  
t i v i t i e s ,  t he  m o b i l i t y  o f  t h e  charge c a r r i e r s  must have been dominated by t h e  
degree o f  g r a p h i t i z a t i o n .  

CONCLUSIONS 

Adsorpt ion o f  bromine on the  p la t i num w i r e  was apparent a t  t he  s l i g h t e s t  
v i s u a l  i n d i c a t i o n  o f  bromine. However, mass uptake i n  the  f i b e r s  on ly  occurred 
a f t e r  a subs tan t ia l  amount of bromine had been in t roduced,  suggest ing a th res-  
ho ld  pressure dependent i n t e r c a l a t i o n  reac t i on .  
pitch-based P-75, P-100, and P-120 f i b e r s  were s i m i l a r  t o  t h e  changes observed 
i n  HOPG. The f u l l y  brominated compound had a mass increase o f  44  percent,  and 
the  res idue compound had a mass increase of 22 percent .  
no de tec tab le  mass increase. 
i n i t i a l l y ,  bu t  eventual ly  reached the  same res idue compound composi t ion.  The 
mass increase observed i n  bo th  the  f u l l y  brominated compound and t h e  res ldue 
compound cou ld  not be a t t r i b u t e d  t o  adsorp t ion  of bromlne alone, based on the  
pore volume measurements o f  I s m a i l .  Some o ther  mechanism. such as I n t e r c a l a -  
t i o n ,  must be used t o  exp la in  the  observed mass increase.  Changes i n  the  

Changes i n  t h e  mass o f  the  

The P-55 f i b e r s  showed 
The vapor-grown f i b e r s  acqui red more bromine 
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e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  P-75, P-100, and P-120 f i b e r s  were a l s o  s i m i l a r ,  
seventeen-fold f o r  t h e  f u l l y  brominated compound and f i v e - f o l d  f o r  t h e  res idue 
compound. The s i m i l a r i t y  between t h e  pitch-based f i b e r s  i s  s u r p r i s i n g ,  con- 
s i d e r i n g  the  d i f f e rences  i n  g r a p h i t i z a t i o n .  
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Fiber type 

P-7 5 
P-7 5 

P-1 00 
P-1 00 
P-1 00 
P-1 00 
P-1 00 

P-120 
P-120 
P-120 

TABLE I. - RESISTANCE RATIO (R/R,) 
FOR SEVERAL PITCH-BASED FIBERS 

TREATED WITH BROMINE 

F u l l y  Res 1 due 
brominated compound 

0.057 0.197 
.057 .206 

.058 .198 

.069 .180 

.051 .179 

.051 .172 

.055 .189 

.057 .205 

.065 .207 

.062 .206 



FIGURE 1. - MICROBALANCE MODIFIED FOR THE SIMULTANEOUS MASS UPTAKE. 
AND ELECTRICAL RESISTIVITY EXPERIMENTS. 
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16. Abstract 

Changes i n  mass and e l e c t r i c a l  r e s i s t i v i t y  o f  severa l  types o f  p i tch-based and 
vapor-grown graph i te  f l b e r s  were monitored du r ing  r e a c t i o n  w i t h  bromine. The 
observed threshold pressure dependent r e a c t i o n  suggested t h a t  t he  f i b e r s  were 
i n t e r c a l a t e d .  I n  the  f u l l y  brominated compound, t h e  mass was increased by 
44 percent and the r e s i s t i v i t y  was improved by a f a c t o r  o f  17. I n  t h e  res idue 
compound, t h e  mass was increased by 22 percent  and the  r e s i s t i v i t y  was improved 
by a f a c t o r  o f  5. F ibers possessing d i f f e r e n t  degrees o f  g r a p h i t i z a t i o n  had 
s u r p r i s i n g l y  s i m i l a r  changes i n  both mass and r e s i s t i v i t y .  


